The 02 concentration in intact and osmoially disrupted isolated spinach (Spinacia oleracea, L.) chloroplasts during photosynthesis was estimated. The chloroplasts were allowed to reduce 3-phosphoglycerate, C02, or ferrcyanide in ltht until the rate of 02 production was linear.
medium. From this surplus the 02 concentration inside the chloroplasts at the moment when the light had been switched off was caldculated. In all experiments the 02 concentration inside the photosyntheszing chloroplasts was higher than that outsde, but was dependent upon the 02 concentrtion of the chioroplast mediunm. At low exteral 02 concentration (30 pM) the ratio of the internal to the external 02 concentration was about 5, whereas at concentrations corresponding to those in airsaturated water this ratio was dose to 1. With osmotically broken chioroplsts this ratio was 1.2 at 30 FM 02 and almost 1 from 150 FM onward. When the 02 surplus found in broken chloroplasts during photosynthesis was related to the volume of the thylakoids, a ratio of about 2.3 was observed.
At least three reaction complexes of chloroplasts are thought to depend on the internal 02 concentration in these organelles.
First, the Warburg effect, an inhibition of photosynthesis by higher oxygen tensions, has given rise to a series of physiological studies that were dedicated to an understanding of the responsible biochemical mechanism (5, 6, 21, 22) .
The second reaction complex depends on the photosynthetic reduction of 02 to H202, well known as the Mehler reaction (7, 8, (16) (17) (18) 20) , which has now been shown to proceed via the superoxide radical anion and might be at least partly mediated by an O2-reducing factor (7, 8) .
Third, 02 has been shown to react in the ribulose-1,5-diphosphate oxygenase reaction (1, 2) . Although the internal 02 concentration of chloroplasts, which might depend on the photosynthetic 02 production as well as on the 02 tension outside the chloroplasts, is important for the metabolism of the cell, no reports are to be found in the literature on its magnitude.
Here, we attempted to estimate the internal 02 concentration of photosynthesizing isolated chloroplasts and to determine how much this 02 content can be influenced by the 02 tension of the suspension medium of the chloroplasts.
MATERIALS AND METHODS
Prepantion of Chloroplasts and Measurement of Oxygen Concentration in Chloroplast Suspension during Hill Reaction.
Spinach leaves (Spinacia oleracea L., vital R) were homogenized with an Ultraturrax for 5 sec in medium containing 0.33 M sorbitol, 5 mM MgCl2, 10 mm Na4P207, 4 mm ascorbate adjusted at pH = 6.6 with HCl (4). After filtration through muslin the suspension was centrifuged for 1 min at 2,000g. The pellet was suspended in the buffer B described by Jensen and Bassham (14) . Centrifugation at 30g (1 min) removed whole cells and greater particles. From the supernatant the chloroplasts were spun down at 5OOg (1 min) and resuspended in the same buffer (3) . All steps were performed at 0 C. The percentage of intact chloroplasts, as measured by the ferricyanide method (10) , was usually greater than 90.
For photosynthetic CO2 or PGA' reduction, chloroplasts equivalent to 90 to 225 ,ug of Chl were added to 1.5 ml of 02-free buffer C (14) containing either 7.9 mm nonradioactive NaHCO3 or 1 mm PGA. The temperature of the suspension was maintained at 20 C, the 02 concentration of the suspension was measured with a Clark electrode and was adjusted to desired level by flushing with N2 or 2. The suspension was illuminated with white light at an intensity of 8,000 to 80,000 lux. After the experiment had been terminated the volume of the chloroplasts was determined as packed chloroplasts by centrifugation of an aliquot of the suspension in hematocrit tubes. The volume of the interplastid space in the pellet was determined as sorbitol-permeable space (5%) with sorbitol dehydrogenase (Boehringer, Mannheim) and subtracted from the volume of the pellet. The volume determined was of the same order of magnitude as would have been calculated by the method of Heber and Kirk (9) from the Chl content. Osmotically broken chloroplasts were prepared by the addition of chloroplasts equivalent to 90 to 225 ug of Chl to 1.5 ml of 15-fold diluted buffer C (14) . The electron acceptor in the Hill reaction with broken chloroplasts was 3 ,UM K-ferricyanide.
Determination of Internal Oxygen Concentration of Photosynthesizing Chloroplasts. Intact chloroplasts which photoreduce CO2 or PGA at a constant rate produced a small increment in the 02 concentration of the suspension after the light had been turned off (Fig. 1, curve a) . This increment must be caused by the equilibration of a higher internal 02 concentration within the photosynthesizing chloroplasts with that of the external medium. When the light was switched off at time T (Fig. 1) sion) at time T and Ceex is the 02 concentration of the suspension in equilibrium (C,in = Cex).
The increment in the 02 concentration (Cex -CTex) cannot be measured directly, however, since the Clark electrode reacts with some delay and requires about 5 sec for a response of more than 90%. Therefore, the increment in the 02 concentration which was recorded after the light had been turned off was composed of a real increment and of an apparent one due to the inertia of the electrode (Fig. 1, curve b) . The latter can be calculated easily if the response of the electrode to a brief 02 pulse is approximated by a simple mathematical expression. Figure 2 shows such a response which was produced by injection of 50 ,ul of air-saturated water into a 20 mm solution of pyrogallol (pH 9), which is known to reduce 02 immediately. The time course of this response (D) can be described by equation 2:
where A, a, and 3 are electrode parameters which must be obtained by fitting equation 2 to the actual response. t is the lag period of the response and t is the actual time which had elapsed since the onset of the pulse. Parameters of the response were determined after each experiment. From Figure 2 the conformity of the record of the impulse with the time course calculated with equation 2 can be seen.
The response of the electrode (R,) to the 02 production of the chloroplasts may be considered as composed of a series of subsequent single pulses and therefore can be described by equation 3: where the integration variable t means an intermediate time,
and R(,, is measured in mm.
In performing the integration one has to keep in mind that the term for Cex is for t c T and t 2 T, respectively. Provided that an exponential transition between CTex and C.ex ( Fig. 1 L|d@ X CT X Tr T X D(t-t')~~~~~F1 ksTt.
Under the condition z t T + T, e-'(t-(see equation 2) is negligible compared to 1 if t = T is chosen large enough, i.e. at least 15 sec. In this case the response at the moment T is given by equation 6 : 
RESULTS

Determination of Oxygen Surplus inside Photosynthesizing
Chloroplasts. Isolated intact chloroplasts were allowed to reduce exogenous PGA or CO2 photosynthetically at various 02 concentrations of the suspension medium. The reaction was followed by potentiometric measurement of the 02 production and reached linearity after a few sec (Fig. 1) . This indicated that an equilibrium between 02 production and 02 efflux from the chloroplasts had been established. After about 30 sec (T) the light was turned off and CTex and CTin were determined according to equations 8 and 1. In virtually all experiments with intact chloroplasts a surplus of 02 inside the chloroplasts was observed as compared with the 02 concentration of the suspension medium. This surplus is plotted against the external 02 concentration (Fig. 3 , curve A and x). The maximal internal 02 surplus was observed at the lowest 02 concentrations employed, where the rates of 02 evolution by the chloroplasts were found to be relatively low (Fig. 4 ).
An increase in the external 02 concentration resulted in a stimulation of the rates of 02 production, but inversely the At a given external 02 concentration the magnitude of the internal 02 surplus was practically independent from the rate of photosynthetic 02 production. This is shown in Figure 3 where curve A gives the results from a chloroplast preparation yielding a maximal rate of 20 .tM/mg of Chl * hr (Fig. 4, curve A) .
whereas curve B was obtained with a considerably more active preparation which produced 02 at a corresponding rate of 90 (Fig. 4, curve B) . Furthermore, Figures 3 and 4 show that the 02 surplus inside the plastids as well as the rates of 02 evolution were similar, whether PGA or CO2 (both curves C) was administered as the Hill oxidant.
When the experiment was performed with osmotically disrupted chloroplasts which produced 02 at the same rates as whole chloroplasts (Fig. 4, curve D) , only a very small 02 surplus was detectable at low external 02 concentrations (Fig.  3, dotted line) . At higher concentrations, practically no increment in the 02 concentration could be found after the light had been switched off. Since these broken chloroplasts had not been freed from their stroma by centrifugation but obviously altered only with respect to the state of their membranes, this strongly reduced internal 02 surplus indicates that not the density of the chloroplast stroma but that of the membranes is the main permeation barrier for the diffusion of 02-DISCUSSION For practical purposes it is useful to calculate the ratio of the internal 02 concentration of the photosynthesizing chloroplasts to the external concentration and to plot this ratio against the latter concentration. The results given in Figure 3 are therefore shown as the ratio CTin/CTex in Figure 5 .
For intact chloroplasts ( ) this ratio was always found to be as large as 
